Background: A proinflammatory state has been associated with several age-associated conditions; however, the inflammatory mechanisms of delirium remain poorly characterized. Methods: Using the Successful Aging after Elective Surgery Study of adults age ≥70 undergoing major noncardiac surgery, 12 cytokines were measured at four timepoints: preoperative, postanesthesia care unit, postoperative day 2 (POD2) and 30 days later (POD1M). We conducted a nested, longitudinal matched (on age, sex, surgery type, baseline cognition, vascular comorbidity, and Apolipoprotein E genotype) case-control study: delirium cases and no-delirium controls were selected from the overall cohort (N = 566; 24% delirium). Analyses were independently conducted in discovery, replication, and pooled cohorts (39, 36, 75 matched pairs, respectively). Nonparametric signed-rank tests evaluating differences in cytokine levels between matched pairs were used to identify delirium-associated cytokines.
Key Words: Inflammation-Delirium-Postoperative Elevated levels of inflammatory markers have been associated with several age-associated conditions, including frailty, dementia, and cognitive decline (1) (2) (3) . The link between inflammation and delirium has also been reported (4) (5) (6) (7) . Delirium is common in systemic inflammatory states (8) , which may contribute to delirium pathogenesis through breakdown of the blood-brain barrier, microglial activation, and neuroinflammation (8, 9) . Understanding the inflammatory mechanisms of delirium is important to improve detection and treatment for this common, morbid, and costly geriatric syndrome (10, 11) .
The inflammatory cascade involves complex and dynamic responses to changes in homeostasis, with some cytokines responsible for initiating the inflammatory response, others involved in modulating this response, and others implicated in recovery and resolution (9) . Inflammation is increasingly recognized as a homeostatic and sometimes maladaptive response to tissue stress and malfunction, sometimes in the absence of infection or overt tissue damage (9) , with growing recognition of disease-specific patterns of cytokine responses. Given this complexity, it is unlikely that any one cytokine measured at a single timepoint represents the entire pattern of inflammation responsible for a dynamic condition such as delirium. Yet, most of the existing literature has used cross-sectional designs, or if longitudinal, has examined only a limited number of cytokines (4, 12, 13) .
To address the limitations of previous work that have largely examined a small number of cytokines at a single timepoint, our study examined the relationship between 12 cytokines measured at four timepoints (preoperative [PREOP] , postanesthesia care unit [PACU] , postoperative day 2 [POD2] when inflammatory levels are likely to peak, and 30 days postoperation [POD1M]) and delirium among older adults undergoing major elective surgery. Our examination of the relationship between cytokines and delirium in an elective surgical sample allowed for collection of baseline (preoperative) blood cytokines levels, examination of a population with a more standardized set of physiological insults (as experienced among elective surgical populations relative to other populations), and determination of preoperative cognitive status given our interest in studying a dementia-free population. We also used a longitudinal, matched case-control design with two cohorts, to increase efficiency, address multiple confounders, and address replicability of our results. We hypothesized that there would be detectable differences in cytokine expression between patients who develop delirium relative to those who do not. These differences define a cytokine signature of delirium, which will include high levels of pro-inflammatory markers (eg, interleukin [IL]-6) and low levels of anti-inflammatory markers.
Methods

Study Population
The Successful Aging after Elective Surgery Study is a prospective study focusing on understanding mechanisms and long-term consequences of delirium (14) . Briefly, Successful Aging after Elective Surgery Study enrolled 566 patients aged ≥70 scheduled for major noncardiac surgery. Patients underwent cervical or lumbar laminectomy, total hip or knee replacement, open abdominal aortic aneurysm repair, lower extremity vascular bypass, or colectomy; they had two routes of anesthesia: general or spinal. Other major inclusion and exclusion criteria have been reported (14) . Notably, all participants underwent a rigorous process to exclude dementia, including medical record review, patient or family report of dementia diagnosis, capacity assessment, and cognitive screening with the Modified Mini-Mental State (15) . All participants also underwent a neurocognitive battery at baseline (16) , from which the General Cognitive Performance summary measure was calculated. Additionally, all participants underwent a detailed medical record review by trained physician abstractors, from which comorbidities were quantified using the Charlson index.
Specimen Collection
Phlebotomy was performed on all participants at four timepoints: PREOP, PACU, POD2, and POD1M. The study blood collection was added onto clinical blood draws obtained in the pre-admitting testing center (PREOP), in the PACU, and on the surgical wards (POD2). The POD1M blood was taken either at the 30-day surgical follow-up visit, or by study representatives in the participant's homes. During phlebotomy, we attempted to minimize hemolysis or platelet activation. Blood was collected into heparinized tubes, and stored on ice until processed. During processing, cellular material and plasma were separated using low-speed centrifugation and stored at −80°C until analyzed. Ninety-nine percent of the samples met quality control guidelines, including 4-hour maximal time from blood draw to processing.
Delirium and Subsyndromal Delirium
Postoperative delirium was determined from a combination of daily interviews and a validated chart review method. A structured mental status examination was performed by trained study staff, which included testing of attention, orientation, and memory. Delirium was determined using the Confusion Assessment Method diagnostic algorithm, which requires the patient to have an acute onset of change or fluctuating mental status, inattention, and either disorganized thinking or altered level of consciousness (17) . All chart review delirium diagnoses were adjudicated by at least two experts, and disagreements were resolved through consensus. Ultimately, patients were considered to be delirious if delirium was present by either the Confusion Assessment Method or the chart review method on ≥1 postoperative days; otherwise, patients were considered nondelirious (18) .
If delirium was not present, subsyndromal delirium required the following three criteria: (a) an acute change in mental status or fluctuation, (b) ≥1 Confusion Assessment Method core features (inattention, disorganized thinking, altered level of consciousness), and (c) ≥1 Confusion Assessment Method supporting features: disorientation, perceptual disturbance, delusion, psychomotor agitation, psychomotor retardation or inappropriate behavior.
Cohorts for Matching Procedure
We employed a three-stage approach to examine the association between cytokines and delirium. First, we created the discovery cohort from a dataset of the first 272 participants, in which the matching procedure identified 39 matched pairs of delirium cases and no-delirium controls (case-control determination described below; Supplementary Figure 1a) . Second, we considered the remaining Successful Aging after Elective Surgery Study sample to identify 36 matched pairs of cases and controls, called the replication cohort (Supplementary Figure 1b) . Third, we combined the discovery and replication cohorts to create the pooled cohort, which contained 75 matched pairs. We incorporated analysis of the pooled cohort because the discovery and replication design provides strong protection against type I error (false positives) but is vulnerable to type II error (false negatives). While the pooled cohort enables us to define associations that could have been missed in the original design, we recognize that findings from this cohort may be more preliminary than those seen consistently across discovery and replication cohorts.
Matching Variables
The case-control pairs were matched on six variables: age within 5 years, baseline General Cognitive Performance within five points, and an exact match for sex, surgery type, presence of vascular comorbidity, and Apolipoprotein E ε4 carrier status. Vascular comorbidity was present if the participant had at least one Charlson diagnosis related to vascular disease (myocardial infarction, congestive heart failure, peripheral vascular disease, cerebrovascular disease, hemiplegia, and diabetes or diabetes with end organ damage). For Apolipoprotein E genotype, DNA was extracted from cellular material in the blood and genotyped at the Partners Center for Personalized Medicine. We classified individuals with ≥1 ɛ4 allele as Apolipoprotein E ɛ4 carriers, which has been associated with Alzheimer's Disease (19) .
Matching Procedure
Delirium cases were defined as participants with: (a) delirium on POD2, or (b) delirium on POD1 and persistent subsyndromal delirium on POD2 or POD3. This criterion was imposed to ensure the POD2 blood was reflective of the delirious state in all examined cases. Controls included patients with no delirium and no subsyndromal delirium on any POD. This criterion ensured that controls were not contaminated by patients who experienced some symptoms of delirium during their postoperative course. Patients who did not fit the criteria for cases or controls were ineligible for the matching procedure. Sufficient blood sample volume was defined as the presence of at least three venipuncture tubes with a minimum plasma total of 0.5 mL at each of these three timepoints: PREOP, PACU, and POD2. Hemolysis of all samples was determined by visual inspection using the following index: (a) no hemolysis if samples appeared light yellow to deep yellow in color, (b) mild hemolysis if light to bright pink, (c) moderate hemolysis if dark pink to light red, and (d) severe hemolysis if bright to dark red. Participants with ≥1 sample with moderate to severe hemolysis at PREOP, PACU, and POD2 were ineligible for the match, which used the Optimal Matching Algorithm (20) .
Cytokine Measures
Plasma levels of 12 cytokines were quantified using the commercially available R&D Biosystems (Minneapolis, MN) Human Magnetic Luminex Performance Assay, high sensitivity cytokine kit: IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, interferon-gamma, granulocyte macrophage colony-stimulating factor, tumor necrosis factor-alpha (TNF-α), and vascular endothelial growth factor (VEGF). The lowest detectable concentration for each cytokine was (all units in pg/mL): IL-1β 0.388, IL-2 0.598, IL-4 6.097, IL-5 0.370, IL-6 0.996, IL-8 0.753, IL-10 0.506, IL-12 6.093, interferon-gamma 0.362, granulocyte macrophage colonystimulating factor 0.375, TNF-α 0.782, and VEGF 0.600. All assays were completed in duplicate. We examined several quality parameters, including fit probability of the standard curve, coefficient of variation, and inestimable concentrations (assigned values of zero). All fit probabilities and coefficient of variations met our quality criteria.
Statistical Analysis
The distribution of the estimated concentration and the matched pair's difference was found to be nonnormal. Thus, all analyses were based on the median, and statistical inferences derived from nonparametric tests. A clinical decision was made to treat the four timepoints independently since there is no biological evidence that cytokine levels at these timepoints are interdependent. To confirm this approach, a correlation analysis evaluated potential autocorrelation within-patient concentration estimates and found no correlation of cytokines within the same patient over the four time points. Therefore, the univariate nonparametric signed-rank test was chosen to test for the median of the paired differences at each timepoint. The signed-rank test accounts for the rank of the absolute value of the paired difference. The rank was multiplied by +1 if the difference was positive (case-control), −1 if negative, and 0 if the difference was zero. The sum of these signed ranks divided by the standard error yields an approximation of the z-statistic from which a standard normal distribution was used to obtain the p value (p < .05 = statistical significance). Although our approach represents a conservative test, it was found to be most appropriate given the highly nonnormal distribution of our cytokine data (see Supplementary Table 1 for cytokine distributions).
Sensitivity Analysis
We performed sensitivity analysis to assess potential confounding by four additional factors that might influence cytokine levels: preoperative connective tissue disease, anesthesia route, postoperative infectious complications, and major complications (Supplementary Text includes detailed methods and findings).
All analyses were conducted using SAS/STAT software version 9.3 (SAS Institute, Cary, NC). Informed consent for study participation was obtained from all subjects according to procedures approved by the institutional review boards of Beth Israel Deaconess Medical Center and Brigham and Women's Hospital, the two surgical sites, and Hebrew SeniorLife, the study coordinating center, all located in Boston, Massachusetts. Table 1 reports sample characteristics of the match variables stratified by cases and controls in the discovery and replication cohorts. There were no clinically significant differences between the cases and controls for all matched variables, which confirmed a successful matching procedure. The replication cohort (both cases and controls) had a higher prevalence of vascular comorbidity and Apolipoprotein E ε4 carriers, and a lower General Cognitive Performance relative to the discovery cohort. Table 2 presents the median concentration difference between matched cases and controls for each cytokine, at each timepoint in the discovery, replication, and pooled cohorts. In the discovery cohort, the cytokines significantly associated with delirium at ≥1 timepoints were IL-1β, IL-2, IL-6, IL-8, IL-12, and VEGF. The median difference between cases and controls for these cytokines generally yielded substantial differences. Compared to their matched controls, cases had higher levels of: IL-1β at PREOP and PACU (median difference 0.32 and 0.53 pg/mL, respectively); IL-2 at PREOP, PACU, and POD2 (1.26, 1.46, and 1.26 pg/mL, respectively); IL-6 at POD2 (50.44 pg/ mL); IL-8 at PREOP (1.60 pg/mL); and VEGF at POD2 (5.95 pg/ mL); however, cases had lower IL-12 levels at POD1M (6.40 pg/mL) relative to controls.
Results
In the replication cohort, we found fewer associations with delirium; the significantly associated cytokines at ≥1 timepoints included IL-5 and IL-6. Compared to their matched controls, cases had lower IL-5 levels at POD2 (median difference 1.39 pg/mL), and higher IL-6 at POD2 (20.17 pg/mL). Taken together, the discovery and replication cohorts both identified IL-6 at POD2 as significantly associated with delirium ( Figure 1) .
The pooled cohort identified five cytokines significantly associated with delirium at ≥1 timepoints: IL-2, IL-6, IL-12, TNF-α, and VEGF. Compared to controls, cases had higher levels of: IL-2 at all timepoints (median difference PREOP: 0.99, PACU: 0.77, POD2: 1.07, and POD1M: 0.73 pg/mL; Supplementary Figure 2) ; IL-6 at two timepoints (PACU: 1.17 pg/mL and POD2: 39.35 pg/mL); TNF-α at POD1M (3.10 pg/mL); and VEGF at POD2 (4.10 pg/mL). Conversely, cases had lower levels of IL-12 at POD1M (4.24 pg/mL) relative to controls.
Discussion
This study examined the relationship between 12 cytokines collected at four timepoints and delirium among older patients undergoing major elective surgery. We found strong evidence for the involvement of IL-6, and moderate evidence for the role of IL-2, in the inflammatory signature of delirium. More specifically, we observed strong and consistent associations of elevated IL-6 at POD2 with delirium in the discovery, replication, and pooled cohorts. We also found significant elevations of IL-2 with delirium at all timepoints, although this was not as consistently reproduced in the replication cohort as the IL-6 findings. Finally, we found preliminary evidence of TNF-α and VEGF elevations associated with delirium.
Our findings confirm and extend previous studies examining the associations of inflammatory cytokines and delirium. Higher postoperative IL-6 levels were observed among older patients with postoperative delirium after open-heart cardiac surgery (21) . Similarly, hip fracture patients who developed delirium had higher IL-6 on all postoperative days when blood samples were available, with the greatest difference between POD1 and POD2 (7). Similar results were reported in older medical patients acutely admitted to the Notes: GMCSF = granulocyte macrophage colony-stimulating factor; IFN-γ = interferon-gamma; IL = interleukin; PACU = postanesthesia care unit; POD1M = 30 days postoperation; POD2 = postoperative day 2; PREOP = preoperative; TNF-α = tumor necrosis factor-alpha; VEGF = vascular endothelial growth factor. Bold values indicate cytokines significant in the pooled cohort. *p < .05; **p < .01. Note: ApoE = Apolipoprotein E, a gene for which being an ApoE ɛ4 carrier has been associated with increased risk of Alzheimer's Disease (19) ; GCP = General Cognitive Performance, a composite measure reflecting cognitive domains vulnerable to delirium (16) ; M = mean, SD = standard deviation. Vascular comorbidity: No differences between cases and controls for each of the six vascular comorbidities (myocardial infarction, congestive heart failure, peripheral vascular disease, cerebrovascular disease, hemiplegia, diabetes or diabetes with end organ damage) were observed in the pooled cohort.
hospital (4). In the current study, the magnitude of the difference in IL-6 levels between cases and controls is substantial-about 10 times the upper limit for normal levels under standard conditions (22) . IL-6 has been widely implicated in age-associated processes, including frailty (1) and dementia (2) , and this link between IL-6 and geriatric syndromes is perhaps the most widely reported of all cytokines.
Notably, not all previous delirium studies have reported an association with IL-6. Two prior studies of elective hip and cardiac surgery patients observed no significant differences in IL-6 by delirium status on POD1 (12) and POD4 (6), respectively. Moreover, those studies reported no differences by delirium status for any of the 6 or 28 inflammatory markers examined [(6,12) , respectively, except for elevated chemokine C-C motif ligand 2 at PACU (6)].
In addition to IL-6, we found elevated IL-2 in cases prior to delirium onset (PREOP, PACU), during delirium (POD2) and after delirium (POD1M). IL-2 has been rarely examined in prior studies of delirium. One small study in cardiac surgery patients observed no association (6). However, a role for IL-2 in delirium pathophysiology has biological plausibility. IL-2 regulates growth and differentiation of T cells and affects development of the immune system, and induces blood-brain barrier dysfunction with altered cerebrovascular permeability in animal models (23) . Moreover, we found that PREOP and PACU levels of IL-2 were correlated with POD2 levels of IL-6 (Spearman r = 0.22, p = .05 and r = 0.23, p = .04 [respectively]), suggesting a role of IL-2 in the subsequent IL-6 response. Since these were the only significant correlations observed between the 12 cytokines examined at each individual timepoint, we did not further evaluate the joint effects of the cytokines via principal component analysis.
We also observed possible associations of TNF-α, VEGF, and IL-12 with delirium. Contrary to our findings, previous studies have found no relationship between TNF-α and delirium (6, 7, 12) . To our knowledge, no prior work has reported on the association between VEGF and delirium, but there is evidence that VEGF is involved in alterations in more general cognitive impairment (24) . Interestingly, in contrast to the higher levels of IL-6, IL-2, TNF-α, and VEGF observed in cases compared to controls, consistently lower median levels of IL-12 were found in cases relative to controls. Although no relationship between IL-12 and delirium was previously observed (7), IL-12 levels have been associated with executive/processing speed (25) .
The five significantly associated cytokines (IL-6, IL-2, TNF-α, VEGF, and IL-12) identified across the three cohorts can be categorized into three groups of markers [as previously hypothesized (26)]: (a) risk markers (elevated PREOP and do not change over subsequent timepoints), (b) disease markers (not elevated PREOP, but rise at disease onset and fall at disease resolution), and (c) end-product markers (not elevated PREOP or at disease onset, but rise after the disease [or later in the disease] in proportion to "damage" caused by the disease). Based on our findings, IL-2 may fit the pattern of a risk marker, while IL-6 and VEGF may fit the pattern of disease markers. TNF-α is elevated and IL-12 is depressed at POD1M only, and may be end-product markers, but future studies that examine their correlation with long-term outcomes are required. Ultimately, our findings suggest insights into the pathophysiology of delirium, particularly in regards to the role of IL-6 and IL-2. Moreover, we cannot dismiss the role of additional cytokines identified in prior studies [eg, IL-8 (7)].
Our study included several notable strengths. First, most prior research on inflammation and delirium has collected information at a single timepoint. Given the dynamic nature of the inflammatory response, our collection of blood at four timepoints relative to delirium is a significant strength. Second, we collected PREOP blood samples in patients undergoing scheduled major surgery, which represents a true "baseline" condition. This is in distinction to prior studies that have examined patients undergoing hip fracture repair or other urgent surgeries, in which PREOP blood was collected after a significant stressor (eg, hip fracture) had occurred. Another strength was our use of a matched case-control design, which allowed for greater efficiency, with analysis of fewer samples, while controlling for multiple confounders. We also conducted repeated analyses in two cohorts of data (in addition to a pooled analysis) to evaluate the robustness of our findings. Importantly, rather than examining only one or a limited number of cytokines, we examined 12 cytokines involved in the inflammatory cascade. Finally, and perhaps most importantly, we used the large, carefully accrued Successful Aging after Elective Surgery Study cohort and biorepository, which employed state-of-the-art delirium detection methods, a longitudinal design with very little loss of follow-up, and nearly complete capture of biomarkers at the four target timepoints. All of these factors overcome some of the limitations of earlier studies.
We note some study limitations. Since prior history of delirium and hospitalization within 3 months were exclusionary criteria for study enrollment, we were unable to examine the role of prior delirium on the association between inflammation and delirium. Our use of a 12-plex panel of pre-selected cytokines from a commercial kit did not include inflammatory receptors or acute phase proteins. This may be particularly important since soluble TNF receptor 1 (sTNFR1) and C-reactive protein have been associated with delirium in critically ill intensive care unit (5) and vascular surgery patients (13) . Another limitation pertains to potential cytokine degradation during storage, which may have reduced our ability to detect associations with delirium. Conversely, we acknowledge the possibility of observed false positives due to multiple testing. Our multiple cohort design provided protection against Type I error and adjustment for multiple comparisons may not be necessary; however, we present it here to provide a conservative estimate: Bonferroni correction for the 12 cytokines (using p < .05/12) in the pooled cohort resulted in significant associations between delirium and only IL-6 and IL-2 at POD2. Additionally, we did not employ enzyme-linked immunosorbent assay (ELISA, considered the "gold standard" for concentration measurement) in determining cytokine levels. The use of a multiplex cytokine panel, while allowing for the measurement of a greater number of cytokines, could have also resulted in less accurate measurement of some cytokines over others, which may have resulted in the lack of associations observed for several cytokines (eg, IL-8). Future work that examines the correlation between ELISA measured cytokines and delirium will be important to confirm our findings, and we are currently pursuing such studies.
Future work would benefit from examining additional cytokines beyond those available in the current study. Most notably, receptorbased cytokine markers may be particularly promising given their previous associations with age-associated outcomes [eg, sTNFR1 with delirium (5) and frailty (1)]. Future studies should also examine the combined and interactive effects of the cytokines identified in the current study. The number of elevated inflammatory markers has been positively associated with incident mobility disability (27) , suggesting a cumulative effect of proinflammatory cytokines on adverse health outcomes. Given the broad based discovery approach employed in our current study, a hypothesis driven approach would be a natural next step for future work. Lastly, validation of our findings in other samples and in patients with subsyndromal delirium would build upon our knowledge to-date.
In summary, we found that in an older patient population undergoing major elective surgery, several cytokines (particularly IL-6 and IL-2) were involved in the delirium syndrome. We suggest consideration of these cytokines according to their roles along the timecourse of delirium onset, with IL-2 representing a risk marker that is elevated before onset of delirium, and IL-6 representing a disease marker that rises and falls with delirium onset and recovery. These patterns fit biologically with the roles of IL-2 as an immune primer, and IL-6 as a marker of the acute inflammatory response. If confirmed, these cytokine patterns may be used to identify patients at greatest risk for developing delirium, to assist with delirium diagnosis, and to develop interventional strategies to reduce the impact of this common, morbid, and costly syndrome (28) .
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